This paper reports on a combined analytical and experimental investigation undertaken for the determination of polymerisation shrinkage strains resulted in photopolymer resin plates during the laser solidification process. A resin layer is laser cured on an identical layer of the same material that already has been cured and post cured under ultraviolet (UV) exposure. The assembled laminate is then UV cured, and the resulting warpage is recorded by means of the shadow moiré method. The resulting warpage, consisting of elliptical equal deflection contours, is related to the polymerisation effective chemical shrinkage strain using the elastic lamination theory.
INTRODUCTION
Today, the most commonly used materials for fabrication of rapid prototypes by laser solidification (stereolithography technique) are photopolymer resin systems experiencing shrinkage upon changing from liquid to solid during laser curing. This results in stress and subsequently in strain deformations leading to considerable curl distortion. Residual stresses in stereolithography (SL) formed parts are a direct consequence of the shrinkage of the polymeric material system during curing. Residual stresses generated during part building may be responsible for creep distortions, which occur long after the part is built or cause cracks and delamination within the part [1] . The distortion caused by shrinkage during polymerisation and the layer-by-layer building process is considered to be an important shortcoming in stereolithography.
The curing process of resins involves several phase changes as a result of thermal and chemical mechanisms. It is common practice to distinguish between the chemical and thermal components of shrinkage [2] . Chemical or polymerisation shrinkage occurs during crosslinking of the polymeric system and depends on the chemical composition and polymerisation reaction. Its level depends on the polymer glass transition temperature, T g , the curing temperature, as well as, on the exposure amount and rate.
Various studies have been undertaken to investigate the curing characteristics of photopolymers used in stereolithography process and the mechanisms of the resulting shrinkage [3, 4] . Raman spectroscopy as well as differential scanning calorimetry (DSC) and differential scanning photo-calorimetry (DSP) techniques were employed to investigate the extent of curing and shrinkage in an acrylic based photo-sensitive resin system. Dusel [5] has presented results showing the course of shrinkage, force and temperature of a 0.4 mm deep polymerised slab over time for a hybrid resin system. Chemical shrinkage of resins has been measured by casting the resin on an aluminum beam and measuring strains in that beam during curing [6] . This technique requires embedment of resin gauges between the aluminum and the resin beams and compensation for thermal effects. A more direct method was followed in this paper for the determination of shrinkage of photopolymer resin laminates by measuring the warpage of a laminate resin plate and using elastic lamination theory. The method was developed by Daniel [7] and used to obtain the chemical cure shrinkage in epoxy matrix laminates.
EXPERIMENTAL PROCEDURE
The resin material investigated was an acrylic based photopolymer (Allied Signal Exactomer 2202 SF). An EOS Stereos Desktop Stereolithography system using an UV laser beam was employed for the fabrication of the test specimens. Liquid resin layers of 0.156 mm thickness were laser cured during the SL layerby-layer building process to form a square laminate plate (10 x 10 x 3.3 cm) by the following procedure. The resin in the used SL system is contained in liquid form within a store tank, in which is located a moving platform whose position in the vertical direction can be computercontrolled. A focused laser beam is scanned in the horizontal direction by a computer controlled mirror across the surface of the liquid for the selected area and layer depth. When the curing of one layer is completed, the platform moves down in the liquid enabling the next area to be scanned and cured. The process is repeated until the whole resin plate has been made.
Initially, a resin laminate plate (all layers were scanned in the same direction) was prepared following the curing procedure described previously. Then, the plate was fully polymerised (postcured) in an UV chamber for 8 hours and stored in a cool dark place for a week to acquire the required flat shape. One surface of this plate was sanded lightly and coated with a thin layer of primer to help the adhesion of the resin plate.
A second layer of the same material, thickness and laser scan orientation was stacked on top of the initially fully cured plate on its treated surface. The whole assembly was then UV postcured like the original layer plate. Assuming that both cured layers exhibit the same degree of resin polymerisation at the end of the curing/postcuring process and undergo the same thermal deformations, any warpage observed after the UV treatment of the two layer laminate is due to the additional chemical polymerisation shrinkage that only the new half undergoes.
The out-of-plane deflection (warpage) of the stereolithography formed resin plates was measured by means of projection or shadow Moiré [8, 9] . This method is ideal for obtaining full-field contour maps of large surfaces. A master grading is placed in front of the resin specimen and illuminated by a collimated light beam at an angle to the grating. The master grating and its shadow on the surface of the specimen then produce a fringe pattern viewed normally to the master grating. The out-of-plane displacement, w, is given by:
where p is the grading pitch, n is the fringe order and J is the angle of incidence of the oblique light beam.
In the present work a grading of 0.56 pitch (18 lines/cm) was obtained in the form of transfer sheets. Transparent replicas of the grating were made and taped flat to a glass sheet. The sheet with the grating was held flat in front of the laminate specimen at a short distance from its surface. A 35 mm slide projector was used as a light source, illuminating the specimen at 45 degrees to the normal of the grating. Fringe patterns were viewed normally to the grating and recorded with a digital camera. The experimental setup is shown in Fig. 1 while typical moiré fringe patterns in Figs. 3 and 4 . The obtained fringe patterns were analysed according to the theory described below.
ANALYSIS OF RESIN PLATES
WARPAGE The resin plate is analysed as a laminate consisting of two parallel orthotropic layers (four assuming that x-and y-axes coincide with the principal material axes.
Determination of Cure Shrinkage in SL Layer Build Plates Using Lamination Theory
If [ e , \ e and [\ g are the net final strains, the stresses in each layer k (k=1,2) are: where h and h are the z co-ordinates of the top and bottom of layer k, respectively.
The net (mechanical) strain components can be expressed in terms of midplane strains and curvatures as follows:
From (4-6) the following equation is obtained: Noting that the moment resultants must be zero, we obtain from eqs. (7-9): 
By integrating the curvature displacement relations
and ignoring rigid body displacements we obtain for the out-of-plane deflection:
Thus, contours of equal deflection are ellipses as shown by the Moiré fringe pattern. Each elliptical fringe corresponds to a deflection w n .
For an elliptical fringe with semi-axes a and b along the x-and y-axes and corresponding to a deflection w, it is obtained: D
Solving equation (10) 
Thus, the components of the effective chemical shrinkage determined by the method described here are independent of the material properties of the layers, since they are the same for both layers. For a fringe pattern containing several elliptical contour fringes, the determination above can be made for various fringe orders (ellipses) to increase the accuracy. Fig. 2 shows the Moiré fringe pattern for the initially cured and then postcured single layer resin plate. It is seen that no fringe patterns were obtained, demonstrating thus the flat state of the plate before curing on top of its treated surface the second layer. Distinct differences were noted in the obtained fringe patterns for the two layersquare-laminate before and after UV postcuring, as seen in Figs. 3 and 4 . The fringes represent loci of points of constant out-of-plane deflection such that all points on a given fringe correspond to a deflection of one grating pitch (0.56) relative to the points of its neighbouring fringe. In Fig. 3 , the second resin layer is not fully polymerised at the end of its laser solidification process. Thus, the previously presented analysis could not be applied for the fringe patterns of Fig. 3 , since the two layers did not exhibited the same mechanical properties. When postcuring of the whole laminate takes place in the UV chamber the second layer shrinks additionally, as it is fully polymerised, leading to an increase of the exhibited in Fig. 4 out-of-plane deflection.
RESULTS AND DISCUSSION
The fringe patterns of Figs. 3 and 4 were analysed by measuring the major and minor axes of the concentric circular fringes corresponding to integral fringe order (dark fringes) and to integral plus one-half fringe orders (light fringes). These values (a and b) and the corresponding fringe order, n, were used in equations 1 and 14 to obtain several sets of values for the effective chemical shrinkage strains, e (ruling) used. Typical results for a fully polymerised (cured and postcured) test specimen are tabulated in Table 1 . The fringes of Fig. 4 were considered as concentric circles in the analysis. The obtained elliptical shape for the second dark fringe in the viewed pattern is a direct consequence of some disbonding observed between the two resin layers at the corners of the tested laminate.
CONCLUSIONS
A theoretical analysis combined with an experimental method was undertaken for the determination of the effective chemical cure shrinkage in stereolithography formed plates. A model plate made of photosensitive resin is analysed as a laminate consisting of a liquid resin layer applied and cured on an identical layer of the same material, which has already been cured and postcured. The assembled laminate is then postcured and the resulting warpage is recorded by means of the shadow moiré method. This warpage, consisting of circular equal deflection contours, is correlated to the effective chemical shrinkage by means of lamination theory. The two principal components of chemical shrinkage are related to the fringe order and the dimensions of the principal axes of any circular fringe. 
